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The rate limiting step in abscisic acid (ABA) biosynthe-
sis is believed to be the dioxygenasewmediated cleav~ 
age of 9~Z~epoxy carotenoids. Isolation of an enzyme 
that cleaves 9'-Z-neoxanthin to xanthoxal (XAN) from 
the Citrus celt-free system for ABA biosynthesis is 
described. The enzyme was precipitated using 45% 
Abscisic acid (ABA) is a naturally occurring plant hormone 
that plays an important role in the stress response of plants, 
maintenance of seed dormancy, and control of stomatal guard 
cell volume. It is now universally accepted that under stress 
conditions, ABA is produced by oxidative cleavage of epoxy-
carotenoids (Cutler and Krochko 1999, Liotenberg et al. 
1999). Several genes encoding enzymes involved in ABA 
biosynthesis have been cloned (Marin et al. 1996, Burbidge et 
al. 1997a, 1997b, Schwartz et al. 1997, Qin and Zeevaart 
1999, luchi et al. 2000, Thompson et al. 2000). Besides zeax-
anthin epoxidase (ZEP) which catalyses the conversion of 
zeaxanthin to E, E-violaxanthin in a two-step reaction 
sequence, recombinant proteins obtained from other cloned 
genes showed 9-Z-epoxy-carotenoid dioxygenase (NCED) 
activity (Liotenberg et al. 1999). NCED seems therefore to 
catalyse the first commitled step in ABA biosynthesis and is 
likely to be a key regulatory enzyme in the pathway (Cutler 
and Krochko 1999). Both 9-Z-violaxanthin andlor 9'-Z-neoxan-
thin are good substrates for NCED cleavage activity (Cowan 
and Richardson 1997, Schwartz el a/. 1997). However, under 
stress conditions the endogenous level of 9'-Z-neoxanthin is 
much higher than that of 9-Z-viotaxanth in and it is probable 
therefore that 9'-Z-neoxanthin is the immediate precursor of 
xanthoxal (XAN), the fi rst C-15 intermediate en route to ABA 
A cell-free system developed from Citrus sinensis flavedo 
has been shown to contain both carotenogenic and ABA 
biosynthesizing activity and in this system, 9>~Z-neoxanthin is 
converted to XAN and ABA (Richardson and Cowan 1996, 
Cowan and Richardson 1997). We now report on the partial 
purification of a NCED activity from this cell-free system and 
ammonium sulphate and resolved from lipoxygenase 
(LOX) by low pressure liquid chromatography on a col-
umn of phenyl sepharose. Activity of the enzyme was 
enhanced from 5,32 to 15 ,96~g XAN mg" protein con-
firming that 9'·Z· neoxanthin is readily converted to 
XAN in the Citrus celt-free system. 
demonstrate that th is activity can be separated from lipoxy-
genase (LOX) by hydrophobic column chromatography yield-
ing a 200% increase in epoxy-carotenoid cleavage activity. 
Cell-free extracts from Citrus flavedo were prepared as 
described by Richardson and Cowan (1996). Extracted pro-
te ins were quantified as described by Bradford (1976) and 
purified as per by Cabibel and Nicolas (1991) with minor 
modifications. Following saturation of the 23 OOOg super-
natant with sol id ammonium sulphate ((NH.),SQ.) to 45%, 
proteins were purified using low pressure hydrophobic chro-
matography on a column (70 by 5mm) of phenyl sepharose 
(PS) CL-4B (Sigma Chemical Co., St Louis, MO, USA) equil -
ibrated with 0.5mM K,HPO,/KH,PO. buffer (pH 7.5) and elut-
ed at a flow rate of 1 ml min' at 2°C. After removal of 
unbound proteins with O.SM (NH4)?SO., proteins of interest 
were eluted from the column using a decreasing linear gra-
dient of 0.5-0M (NH.),SO •. The remaining proteins were 
washed from the column with the equilibration buffer. Using 
this technique, three major protein bands were resolved. 
The purified fractions, designated PS10, PS25 and PSl5 were 
dlalysed to remove excess salt and used to assay for NCED 
and LOX activity after determination of protein content 
(Bradford 1976). Reaction and incubation conditions were 
as described by Cowan and Richardson (1997) . Substrate, 
9'-l-neoxanthin , was supplied in a small volume of 95% 
ethanol and reactions initiated by the addition enzyme. 
Reactions were terminated after 2h by heating to 100°C and 
precipitated protein removed by centrifugation. Residual 9'-
l-neoxanthin was removed from the aqueous phase by par-
titioning against an equal volume of diethyl ether and the 
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product of NCED cleavage activity. XAN. extracted into ethyl 
acetate at pH 7.0. Quantification was by reversed phase 
high-performance liquid chromatography as previously 
described (Cowan et al. 1999) and results are expressed as 
~g XAN produced mg , protein LOX activity was measured 
spectrophotometrically by monitoring the bleaching of !>-
carotene (Ben-Aziz et al. 1971) . One unit of activity was 
defined as the amount of enzyme (mg) that bleached 1 ~mol 
of l1-carotene min ! at 25 cC. 
The results presented in Table 1 show that crude enzyme 
preparations and the 45% (NH.),SO.-precipitated fraction of 
the Citrus cell -free system for ABA biosynthesis contained 
both NCED and LOX activity. However. after chromatography 
on a column of phenyl sepharose, NeED activity was recov-
ered in the PS .. fraction whereas the bulk of LOX activity 
resided in the PS2~ fraction. Fraction PSj~ contained neither 
NCED nor LOX activity. Thus, hydrophobic column chro-
matography successfully resolved NCED and LOX activity 
from the Citrus cell-free system. Consequently. epoxy-
carotenoid cleavage enzyme activity increased from 
5 . 32-15 . 96~g XAN mg ' protein. The apparent loss of LOX 
activity following purification on column chromatography was 
not unexpected. Creelman et al. (1992) provided evidence in 
support of the involvement of a LOX-like oxygenase enzyme 
in ABA biosynthesis based on inhibition of ABA biosynthesis 
by inhibitors of LOX This implies that NCED which converts 
9-Z -epoxycarotenoids to XAN has LOX-like activity and sug-
gests that NCED contributed substantially to the LOX activi-
ty of the 45% (NH.),SO.-precipitated fraction. 
The results presented in this communication confirm our 
previous observation that 9'-Z-neoxanthin is readily used as 
a substrate in the formation of XAN (Cowan and Richardson 
1997). Similarly. 9-Z-violaxanthin can be used by NCED as 
a substrate in the formation of XAN (Schwartz et al. 1997. 
Qin and Zeevaart 1999). In vitro cleavage activity of the 
NCED recombinant proteins VP 14. PvNCED1 and 
VuNCDE1 , isolated from maize, bean and cowpea, for either 
9'-Z-neoxanthin or 9-Z-violaxanthin as substrates , is 
enhanced by molecular oxygen and ferrous ions (Schwartz 
et al. 1997, Qin and Zeevaart 1999, luchi et al. 2000) . 
Whether ferrous ions are required by the NCED in the Citrus 
cell-free system is currently unknown. Nevertheless, the iso-
Table 1: NCDE and LOX activity in protein-containing fractions pre-
pared from Ihe Citrus celt-free system for ABA biosynthesis 
Prole In fraction LOX activily NCED activity 
{units m9 ' ~roteint {~9 XAN mil ' erotetn~ 
Crude 2.00 532 
45% (NH')lSO. 17. 15 7.65 
PS8,O' 0.38 15.96 
PS,~b 389 2.09 
PSl,' 0.19 0.02 
Aunits = f..lmol of i1-carotene degraded min 1 at 25"C 
eps ::; phenyl sepharose 
' (rachons collected at high sa lt concentration. 0.5 M (NH4)1S0. 
'1ractions collected from a decreasing linear gradient of D.5-0M 
(NH.)2S04 
'fractions collected during elution with equilibration buffer 
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lation of a Citrus NCED should facilitate purification of this 
activity to homogeneity and enable more detailed aspects of 
the biochemistry of this enzyme to be studied 
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